
EMPLOYING REACTIVE WALLS

Alden Gordon Finley



Library

U. S. Naval Postgraduate School

Monterey, California











A BROAD-ANGLE RADOME

EMPLOYING

REACTIVE WALLS

* * * *

Alden G. Finley



F*iU



This work is accepted as fulfilling

the thesis requirements for the degree of

MASTER OF SCIENCE

IN

ENGINEERING ELECTRONICS

from the

United States Naval Postgraduate School





PREFACE

The major portion of the work described in this thesis was accom-

plished at Stanford Research Institute, Menlo Park, California, during

the author's. United States Naval Postgraduate School sponsored,

Industrial Experience Tour, 3 January, to 15 March, 1956. The author

is indebted to the Postgraduate School and the management of Stanford

Research Institute for their cooperative effort in making this oppor-

tunity possible. The personal effort and interest of many of the

Stanford Research Institute employees is also appreciated. Credit is due

in particular to Dr. S. B. Cohn, Head of the Microwave Group, Dr. E. M. T.

Jones, and L. A. Robinson for their supervision and guidance; to K. M.

Beach, R. W. Remington, N. F. Mangel and B. C. Belt for their valuable

technical assistance; and to Miss M. M. Humphrey who performed the

greater part of the mathematical calculations.

Acknowledgments are due to Professors C. E. Menneken and J. G. Cheney

of the Postgraduate School for their continuous interest in the project

and their kind assistance and cooperation in the preparation of this

paper. The euthor is grateful to Mrs. Shirley Keliey for the typing of

the finished thesis.

ii





TABLE OF CONTENTS

Item Title Page

Chapter I Introduction 1

Chapter II Reactive Walls in Radome Design 6

Chapter III The Design of a Broad-Angle Radome
Using Two Embedded Reactive Walls 10

Chapter IV An Illustrative Example 30

Chapter V Future Possibilities 48

Bibliography 50

Appendix I Midplane Solution of Insertion Loss
for a Symetrical, Lossless, Two-
Terminal-Pair Network 53

Appendix II The Reflection Coefficient Equation
for a Dielectric Sheet with Embedded
Inductive Walls 60

iii





LIST OF ILLUSTRATIONS

Figure Page

1. Radome Cross-Sect Ion with Pertinent Parameters ... 12

2. Correction Factors for Reactance of

Inductive Grids 17

3. Illustration of Graphical Design Techniques .... 19

4. Midplane Admittance Diagram for Illustrative
Loaded Radome Design 22

5. Midplane Admittance Diagram for an Isotropic
Radome Designed for a Match at 90 25

6. Illustration of Design Procedure for 90
Match Assurance 28

7. Theoretical Plot of Reflection Coefficient
vs. Angle of Incidence for Illustrative
Radome at Design Frequency, Nine KMC 35

8. Theoretical Plot of Per Cent Power
Transmitted vs. Angle of Incidence for
Illustrative Radome at Design Frequency,
Nine KMC 36

9. A Portion of the Radome Test Sample 39

10. Block Diagram of Microwave Equipment 40

11. Radome Test Sample and Horns in Position
for Reflection Tests 41

12. Microwave Equipment used in the Tests 42

13. A Comparison of Radome Reflection
Coefficients vs. Angle of Incidence
for Perpendicular Polarization 45

14. A Comparison of Radome Reflection Co-
efficients vs. Angle of Incidence for
Parallel Polarization 46

15. * Equivalent Whole Section 54

iv





Figure Page

16. Equivalent Half-Section 54

17. Equivalent Whole Section 58

18. Thevenln Equivalent of Whole Section 58

19. Equivalent Half-Section of a Loaded Radome 61





TABLE OF SYMBOLS AND ABBREVIATIONS

B - Electrical susceptance

B - Electrical susceptance of reactive wall embedded
w

In the radome dielectric

D - Diameter of the wires In the wire grid

F, F' - Special correction factors for calculation of the

susceptance of the wire grids

f - Frequency In cycles per second

G - Electrical conductance

KMC - Kllomegacycles

n - Index of refraction of radome dielectric

S - Center to center wire spacing in the wire grid

t, t', t" - Radome thicknesses measured in physical units

VSWR - Voltage standing-wave ratio

Y - Electrical admittance

Y - Characteristic admittance of special slotted line
c

Y. - Input admittance of radome when it is terminated
in free space

Y - Characteristic wave admittance of free space
o

Y. - Midplane admittance of radome when it is terminated
in free space

Y_ • Characteristic admittance of radome dielectric

P - Voltage reflection coefficient

o - Loss angle

€ - Dielectric constant

£^ - Relative dielectric constant of the radome dielectric

&<• - Angle of incidence as measured in free space

vi





9~ " Angle of incidence as measured in radome dielectric

^ - Wavelength as measured in free space

^2 * Wavelength as measured in radome dielectric (^ =< AQ /n)

S**-
- Permiability

/° - Magnitude of the voltage reflection coefficient

0» 0'» 0" - Radome thicknesses as measured in electrical units

If pel. - Polarization with the electric field component
parallel to the plane of incidence

JL pol- - Polarisation with the electric field component
perpendicular to the plane of incidence

4
- By definition

- Leads to

vii





CHAPTER I

INTRODUCTION

1. The Radome.

Most radar and microwave Installations require protection from the

weather or from aerodynamic forces. This protection usually takes the

form of a dome -like structure- -hence the name radome, from radar-dome.

Generally, a radome can be eliminated from most ground and shipboard

installations. This can be done by making the radar antenna and mount

weather-proof and by piercing the antenna with holes to reduce the

effects of the wind. Thus, for the most part, radomes are considered

only as necessities for aircraft radars and beacons. The aeronautical

engineer visualizes the radome as a preponderous bulge on his otherwise

streamlined aircraft and the electronics engineer views the radome as an

obstacle in the path of the microwave energy radiating to and from his

well designed radar antenna. Radome design discussion, therefore, can

generally be divided into mechanical considerations and electrical

considerations. It is the latter that is of concern In this paper,

although some structural aspects will be mentioned. A very comprehensive

discussion of radomes is presented in Part II of "Radar Scanners and

Radomes" by Cady, Karelitz and Turner. (1)

The production of a satisfactory radome might appear at first as

the simple task of placing any suitable material of a suitable shape

around the radar antenna. This is very true, but the difficult under-

taking comes in finding the "suitable" material and the "suitable" shape.

Materials that appear transparent to microwaves of one frequency may be





quite opaque at another frequency. Only little energy may be reflected

from the surface of a radome when microwaves impinge upon it from one

angle, but such may not be true for other angles. Radomes that have been

designed to remain relatively transparent, i.e. present a good impedance

match to free space, for several frequencies are called "broad-band".

Those designed to be transparent for many angles of incidence are termed

"broad-angle".

The opaqueness of a radome to microwaves may be due to energy

actually absorbed in the radome material as well as the division of power

by reflections from the surfaces of the radome. One undesirable effect

of reflections is the production of standing waves in the radar feed

system which tends to detune the microwave source from its proper fre-

quency. This phenomenon is known as "pulling". Dispersion of the radar

beam and the phase shift which the microwaves experience in passing

through the radome are other undesirable effects. These irregularities

manifest themselves in loss of range and distortion of the radar

presentation. Very often serious degradation of the radar image is

caused by only minor anomalies in the path of the radiation. The search

for a "better radome" has been in existence since the conception of

airborne radar. The difficulty is often compounded because many of the

radome characteristics are not independent and an improvement for one

often makes another worse.

2. Types of Radomes.

Radomes may be divided into two broad classes*-normal-incidence

radomes and streamlined radomes. In the first group there are the flat,

cylindrical and spherical radomes upon which, for the most part, the





microwaves from a radar scanner are Incident at zero degrees. When the

radome deviates so much from one of these shapes that It is no longer

possible to consider the microwaves normal to the surface, then it may

f
be called streamlined.

The simplest of designs for a normal- incidence radome is the plain,

or isotropic, dielectric sheet. Next to having no radome at all, the

best procedure is to have a very thin one. To achieve the desired

protection from the elements, a thin radome would not be at all practical,

since, to be useful, it would have to be less than .02 wavelengths thick.

At X-band this is about .016 inches. For one frequency and one angle

of incidence, an isotropic radome can be made a "match" to free space,

and thus appear transparent to microwaves by making it an integral

multiple of a half -wave length thick. The reason for this, as in many

other half -wave length devices, is the mutual cancellation of reflections

emanating from the front and the rear walls of the radome. Despite its

desirable characteristics, there are serious reasons why such a radome

may not be used. Its electrical properties are very frequency-sensitive

and often, a half-wavelength thick radome is too heavy for practical

use.

Cancellation by the same phenomenon as that occurring in the half-

wavelength radomes can be obtained by placing two thin sheets an odd

multiple of a quarter-wave length apart. (Unlike the solid radome,

where the reflected wave from the far dielectric surface suffers a 180

degree phase reversal—dictating a half -wave length thickness for can-

cellation- -the reflection from the second thin sheet is in-phase. A

quarter-wave length spacing Is necessary, therefore, to produce





cancellation between the two in-phase reflected waves from the two

thin sheets.) This type of radome construction is called a double-wall,

or "sandwich" radome. It is about half as thick as the half-wave radome ,

and when the airspace between the two "skins" is filled with a suitable

"core" material, the construction is considerably stronger mechanically.

Unfortunately, the use of a core material degrades the mutual cancella-

tion effect, and a compromise design must be obtained before suitable

sandwich radomes can be fabricated. Despite these complications, this

type of radome construction is the most common in use today.

The impedance match to free space required over a wide range of

angles in the streamline radome further complicates the problem. The

half-wavelength radome for normal incidence is no longer a half -wave-

length thick for other angles of incidence, and therefore, no longer

transparent. At best, a slightly thicker than a half-wavelength

radome is only a compromise. By using sandwiches of various designs,

different types of material, and different thicknesses of skins and

cores, fairly broad-angle radomes can be designed that are structurally

adequate. By a further expedient of varying the thickness of the core

within a given radome, a more constant match can be obtained at the

various angles of incidence as the radar scanner oscillates. Such a

radome may be constructed by the "foamed in place" method. In this

process the skins are placed over properly shaped mandrels and the cere

material is chemically formed between the two skins by foaming it from

a liquid state.

In high speed aircraft the shape of the radome becomes more pointed

and the structural requirements more rigid: A forward looking radar
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scanner protected by a conical radome may be required to do most of Its

"looking" through a heavy radome at a very high angle of Incidence.

Materials having a high dielectric constant and otherwise possessing

poor electrical characteristics may be required because of their

mechanical properties. The type of "loaded" radome design, which Is the

subject of this thesis, may provide the answer to some of these pressing

requirements.





CHAPTER II

REACTIVE WALLS IN RADOME DESIGN

1. "Loaded" Radomes.

In much the same fashion as the term "loading" Is used In antenna

design, a "loaded" radome may be considered as one that has been modified

electrically by the inclusion of a reactive element. This reactive

element usually takes the form of an array of wires or metallic discs,

either on the surface of the dielectric or embedded in it. By means of

analytical calculations, it can be shown that a grid of parallel wires

will appear Inductive, and that an array of thin metallic discs will

appear capacitive to plane electromagnetic waves Incident upon them.

By use of such arrays - -which may be considered as "reactive walls"--the

electrical properties of a dielectric sheet may be modified to provide a

radome design of unusual characteristics.

An isotropic radome of a half -wave length thickness, which has been

mentioned, has a perfect Impedance match to free space at one particular

angle of incidence and one particular frequency. For a very narrow range

about these values the radome may be considered to have a "good match"

to free space, and thus be usable. Indeed, the characteristics vary so

greatly with a change of frequency or angle that the usable band is

extremely narrow. For the most part, the reactance of a wire grid or

array of discs is less dependent upon these variables. By Judicious

inclusion of such reactive walls in the dielectric, the range of frequency

and/or angles of incidence over which the radome is usable may be

increased

.





2. Stanford Research Institute Project 1115.

Since 1 July, 1954, Stanford Research Institute has been involved

in a United States Army contract entitled, "Investigation of Wide-Band

Antennas above 2000 MC" (2). One phase of this contract is concerned

with wide-band radomes. In an effort to overcome many of the diffi-

culties mentioned in Chapter I, they have directed their attention in

this field to the design of radomes employing "reactive walls". They

have been able to design radomes which have a desirable electrical match

to free space over a wide range of frequencies. The effects of various

combinations and placements of these reactive walls have been investi-

gated by analytical methods and several experimental models also have

been constructed and tested for their broad-band capabilities.

The main impetus of the project has been directed toward the design

of wide-band devices; however, considerable effort has been expended on

the consideration of broad-angle radomes as well. Theoretical investi-

gations were reported in November, 1955, (3) on broad-angle radomes which

contained a single reactive wall. (Much of the following terminology will

not be introduced formally in this paper until Chapter III; however, the

chronology of events dictates its inclusion at this time.) This report

showed that by use of a single embedded array of parallel wires--which

behaves electrically as an inductive reactive wall--it is possible to

design a radome to have a match to free space at any angle of incidence

for electromagnetic waves polarized perpendicular to the plane of

Incidence. For waves polarized parallel to the plane of incidence, a

single Inductive reactive wall will improve the match for angles less

than the Brewster angle, but will degrade the performance of the radome





for angles greater than the Brewster angle. A single capacltlve reactive

wall will perform just oppositely for parallel polarization and will

always degrade the match for perpendicular polarization. It Is evident

that by use of a single reactive wall of either type It Is impossible to

obtain a good match over the entire range of angles of incidence simul-

taneously for the two polarizations.

3. Multiple Reactive Walls.

A bread-angle radome cannot be designed which includes only one

reactive wall, but it is presumable that a combination of reactive walls

of different number, type or placement could provide the desired

characteristics. Although no active work was in evidence by January of

1956, on the design of a broad-angle radome employing multiple reactive

walls, the possibilities were manifest. Stanford Research Institute

was interested in any contribution that could be made in this field, and

it was at this research institution that the body of the work, with which

this thesis is concerned, was actually accomplished.

Among the problems facing anyone who should have wished to investi-

gate these possibilities were: 1) The selection of the type, number and

combination of reactive walls that would lead to the desired results;

2) the origination of a design procedure which would optimize the broad-

angle nature of the radome; 3) the design of an actual test sample and

the associated fabrication equipment and procedures; and 4) the construc-

tion and testing of this test sample in order to validate the theory as

well as the optimized design technique. From previous considerations,

an investigation of the broad-angle possibilities of a radome leaded with

two inductive reactive walls appeared most promising.

8





4. Introduction to the Remaining Chapters.

In the following chapters, the theory and design of a broad-angle

redone using two embedded reactive walls will be considered in detail.

In addition to the discussion of the basic equations relating the

redone parameters, the step-by-step procedure of an optimised design

technique will be presented. The construction and testing of a sample

radome will be described and finally the results will be evaluated.

It is at this point that the general nature of this paper ceases, and

its scope narrows to include solely one type of radome design.





CHAPTER III

THE DESIGN OP A BROAD-ANGLE RADOME USING TWO EMBEDDED REACTIVE WALLS

1. Introduction.

In the design or analysis of radomes, it is very convenient to use

equivalent transmission- line circuits. This technique provides exact

solutions only for plane electromagnetic waves and radomes of infinite

extent. Satisfactory results can be obtained if these conditions are

approximated by having the radome area, plus the radii of curvature of

the incident wave front and radome surface, large with respect to a

wavelength. In practice, most radomes are of a streamlined shape. The

behavior of such a curved radome can be simulated for any oblique angle

of incidence by visualizing it as many small flat areas; each upon which

the electromagnetic wave is incident. It is desirable to have no energy

absorbed in the radome material. Besides the actual savings of energy,

a simple relation exists between the reflected and transmitted power.

Por these and other reasons, all of the radome dielectric materials

discussed in this paper will be considered lossless.

2. Dse of the Smith Transmission- line Chart.

Transmission- line problems can most easily be handled by use of

the Smith transmission- line calculator or chart. (4) One can obtain

the impedance at any point in the dielectric material of a radome merely

by manuvering in the proper manner on such a chart. Since most of the

calculations involve the impedance of the dielectric, it is convenient

to normalize to the impedance of the dielectric material. It is also

convenient to use admittances, since, as it will be shown later, a wire

10





grid Is best represented as a shunt, inductive susceptance. In using

the Smith chart, it is not necessary to proceed all the way from a known

terminal admittance to the driving point of the radome to obtain inform-

ation that is needed for design. It is shown in Appendix I that the

reflection coefficient, standing wave ratio, power insertion loss,

per cent power transmitted, etc., for a symetrical radome can be com-

pletely and more easily described from information taken only at the

midplane of the radome.

Any movement or value on a Smith chart can be expressed in analytical

form. It is advisable in the actual design of a broad-angle radome to

use graphical techniques and to use the analytical equations for veri-

fication of the final design.. The analytical form also can be adapted

for solution by a computer, thus enabling the engineer to assemble a

family of theoretical curves for different parameters once a suitable

design has been established.

3. A Discussion of the Radome Parameters.

A cross-sectional diagram of a radome with two embedded wire grids

is shown in Figure 1. With this figure and the Table of Symbols and

Abbreviations at hand, it is desirable at this time to discuss the

significance of each of these descriptive functions. They will be dis-

cussed briefly with defining equations and explanations given where

necessary. For a thorough discussion of electromagnetic waves and

dielectrics, a volume devoted to this subject should be consulted. (3)

a. Polarization- -The "plane of incidence", which is referred to
«

throughout the text, is defined by the normal to the surface on which

an electromagnetic wave impinges, and a ray following the direction of

11
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propogation of the incident wave. A singly polarized electromagnetic

wave incident on a surface, such that its electric field component is

perpendicular to the plane of incidence, is referred to as "perpendicularly

polarised". In a similar fashion, if the wave is oriented so that its

electric field component lies in the plane of incidence, this condition

is called "parallel polarization". Since any electromagnetic wave can

be resolved into mutually perpendicular components, it is not necessary

to consider more than the two polarizations defined.

b. Terminal or load admittance-•The load for the actual radome, as

well as the transmission- line equivalent, is free space. The character-

istic admittance of free space is

i/nr - —— (3-D

All of the electromagnetic wave calculations in this paper are based on

"wave admittance". Wave admittance is defined as the ratio of the

magnetic to electric field components in planes parallel to the dielec-

tric surface. A wave at any oblique angle of Incidence can be con-

sidered as being composed of two perpendicular waves traveling at higher

phase velocities such that the composite wavefront progresses without

change. This is similar to the use of "phase velocity" in wave guide

calculations. Its use is convenient since all oblique angles can be

treated like normal incidence because of the continuity of the tangen-

tial components at the air-dielectric boundry. The walls of the radome

are parallel to each other, thus the angle of incidence in free space is

the same for the incident and transmitted waves. The characteristic

13





wave admittance of frae space becomes:

for perpendicular polarization

\V - *<** e
.L (3-2)

/o± \ZGTT

and for parallel polarization

X> = (3-3)

II \zo rr or*, e.

These values are constant with frequency and are independent of the

dielectric material of the radome. They are real functions of G,

.

c. Characteristic admittance of the dielectric--A lossless dielec-

tric of relative dielectric constant £ , has a characteristic admittance

y = JLJL.. (3-4)

\zoir

By definition y^r is equal to n, the index of refraction, by which it

can be replaced. The wave admittance of the dielectric becomes:

for perpendicular polarization

y _ ™ Cck Gz (3 . 5)

and for parallel polarization

/,.
- (3-6)

I)
12.D7T Ccr*. Sz
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These values are constant with frequency, but do depend upon the

characteristics of the dielectric and the angle of the wave in that

medium. They are real functions when the dielectric is lossless.

By Snells Law (6) 0, can be expressed in terms of 0..

nr\ Ce*2. G^ = *{ rr\* -/^w* e, (3-7)

Y„ then can be expressed as a function of 0. and the index of refraction

of the dielectric:

for perpendicular polarization

y = V^*-*w e,
(3-8)

1 1 I
Z O TT

and for parallel polarization

y*..
= m*

II '^^V^We (3-9)

d. Inductive susceptance of the wire grid--A complete discussion of

this topic is beyond the scope of this paper. (2) The susceptance of a

wire grid with the wires oriented parallel to the electric field, but

with the electric field perpendicular to the plane of incidence has been

computed by MacFarlane. (7) It is

«i_ $ CCR. ©.

I

-

U+ m M ) 4 F
'

-

(3-10)
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The inductive susceptance of a wire grid with the wires again oriented

parallel to the electric field, hut with the electric field parallel to

the plane of incidence, can be obtained by applying Babinet's trans-

formation (8) to the solution for the capacitive strip given by
>

Marcuvitz. (9) The resulting equation is

S Cjcsl Bj, L^(^™) + f
(3-11)

The correction factor F and F', both functions of S_ and S/^,,, when

D«s, are plotted in Figure 2.

B is the reactive component of an admittance of which G, the real

part, is zero. Therefore, it must be used as a pure Imaginary. It is

negative because inductive susceptance is negative. The values of B

are functions of the wire size and spacing, frequency, index of refraction

of the dielectric and to a lesser extent, the angle of incidence.

Although the above equations are based on theoretical considerations,

experimental verification (2) has shown that they may be employed with

very little loss of accuracy for samples of finite dimensions.

e. Input admittance--Although functions of its value are desired,

an explicit solution for the input or driving point admittance, Y. , is

not needed. As shown in Appendices I and II, the desired information

about the behavior of the radome can be obtained solely from a knowledge

of the midplane admittance, Y.. Even this is not needed in explicit

form.

f. Midplane admittance—This, as the name implies, is the input

admittance as seen from the midplane of the radome when it is terminated

16
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In free space. A plot of the locus of this admittance on a Smith chart

for the two polarizations and various angles of Incidence is the most

important single tool in the design procedure. If the midplane admit-

tance is a pure conductance (for a lossless, symetrleal network with a

pure conductance termination), then it should be obvious that Y will

equal the lead admittance and no reflections will exist. For a more

rigorous proof of this procedure, see Appendix I.

g. Radome thickness- -It is advantageous to refer to the thickness

of the radome in both electrical units and physical units. The radome

is measured in physical units with a micrometer or scale. The electrical

thickness of the radome is measured in the wavelengths or degrees of

phase shift for a nonreflected wave passing through the dielectric. The

equation for electrical thickness expressed in wavelengths is

<P
=

Jl
<~ S* (3-12)

It is a function of frequency, the properties of the dielectric and the

angle of Incidence. It is, however, independent of the polarization of

the incident energy.

4. Introduction to Graphical Design Procedure.

As noted above, the most important design tool is the locus of

Y./Y
2

» the normalized midplane admittance, on the Smith chart. The

procedure for establishing such a plot will now be introduced. With the

aid of Figure 3, one can proceed for each angle of incidence, usually

every 10 or 20 degrees, and for the two polarizations at the design

frequency, step by step as follows:

18
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a. Point "1", Y /Y --The normalized terminal admittance is first
o z

computed and plotted on the chart. From equations (3-2) and (3-8), as

well aa (3-3) and (3-9), one obtains:

for perpendicular polarization

% ,

- C^R. O
(3-13)

2 1 V m 4
- -.olv^e,

and for parallel polarization

%
l!

(3-14)

Since these values are real, they will be plotted on the straight line

corresponding to the reactive component equal to zero. Mote that for

0, equal to zero, Y /Y„ is the same for both polarizations. This is true
l o z

in general for the other parameters also.

b. First thickness of dlelectric--From point "1", one proceeds in

the direction toward the generator, on a constant attenuation circle,

the electrical thickness of the first layer of dielectric. Thus point

"2" is the normalized admittance looking toward the load from a point

just on the load side of the wire grid.

c. The susceptance of the wire grid--From point "2", one must add

the negative susceptance of the wire grid as calculated from equations

(3-10) and (3-11) . One proceeds in a negative reactance direction the

distance equivalent to the value of B /Y.. Point "3" is then the nor-

malized admittance looking toward the load from a point that Just in-

cludes the wire structure.

20





d. Half of the middle thickness of the dlelectrlc--Frou point "3",

one proceeds in the direction toward the generator one half of the

electrical thickness of the middle section of the dielectric to point "4",

This is the desired normalized midplane admittance.

Repeat this procedure at the design frequency for the several angles

of incidence and the two polarizations. A line drawn through the

resulting point "4"'s is the locus required for design. A typical locus

is shown in Figure 4.

It will he shown that by use of this plot, the thicknesses of the

dielectric and the size and spacing of the wires in the wire grid can be

manipulated with a good knowledge of which way they should be changed to

obtain the desired results. A plot of Y./Y_ for a perfectly transparent

radome would be a straight line on the conductance component axis of the

Smith chart. The closer the actual locus comes to this real axis, the

better is the broad-angle properties of the radome.

5. Determination of Initial Values.

A logical question at this point might well be, "What values of

0' 0"» S, D, and the other parameters are chosen to start with?" In

answer to this question, several reasonably obvious comments can be made

before more precise procedures are discussed. A broad-angle radome is

often a narrow-band device. For this reason a particular design fre-

quency should be chosen at which the radar equipment is intended to

operate. The physical thickness of the radome as well as the material

of which it is made should be commensurate with Its mechanical require-

ments. The diameter and spacing of the wires should be chosen within

the realm of physical realizability . A wire of .001 inch diameter is
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FIG. 4

MIDPLANE ADMITTANCE DIAGRAM FOR ILLUSTRATIVE LOADED RADOME DESIGN,

LOCUS Ij/Yg
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difficult to work with. And it is ridiculous to attempt to make a grid

with wire of a diameter greater than its spacing. On the other hand, the

spacing should not be so great as to cause multiple scattering, i.e.

planes of constant phase existing from angles other than the angle of

reflection. To this end, the following inequality should be maintained

a ^
h nj* e^ (3-i5)

6. Midplane Technique used for an Isotropic Radome.

In establishing values for a loaded radome design by the midplane

admittance technique, it might be well to consider the design of an

isotropic radome by this method. As discussed in Chapter I, a radome

that is a half -wave length thick and lossless is a match to free space.

However, since the electrical thickness of a dielectric is a function of

frequency and the angle of incidence (see equation 3-12), this half-

wavelength thickness cannot be met except at discrete frequencies and

angles of incidence. At a particular design frequency the physical

thickness of an isotropic radome can be chosen so that its electrical

thickness is a ha If -wave length, and therefore, a match to free space

only at a particular angle of incidence. (There will also be a match

at the Brewster angle for parallel polarization.)

This fact can be demonstrated on the Smith chart by the midplane

admittance locus. The real values of normalized terminal admittance

for each angle of incidence are rotated through the electrical half-

thickness for that particular angle. When the electrical half-thickness

is a quarter of a wavelength, the plot of Y-/Y
2
will be en the real
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axis of the Smith chart. This corresponds to a perfect match, the plot

of Y./Y- for the other angles of incidence will lie elsewhere on the

chart- -indicating mismatches.

In determining the physical thickness necessary to give a match at

a particular angle of incidence, it is necessary to solve equation (3-12)

for t when equals a half wavelength. Equation (3-12) can he written

in a more desirable form, which shows as a function of Xo and 9., by

applying Snail's Law,

ft
_ -~-

y m
2--^vvie

#

(3-i6)

When is set equal to 1/2, the physical thickness required for a match

at 0. becomes

t- x

Zy m*~ -sza»\ l
&i (3-17)

In designing an isotropic radome which is to have broad-angle trans*

mission efficiency, there is very little that can be done to make the

locus of Y./Y
2
coincide with the real axis of the Smith chart for all

angles of incidence. In Appendix I it is shown that the reflection

increases the further the locus of Y./Y- is from such coincidence.

Although physical reasoning would indicate that a perfect match at

0. = 90° is impossible, nevertheless, a design for such an occurrence

will yield a radome that has the broadest angle transmission. A mid-

plane admittance diagram for such a design is shown in Figure 5. This
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FIG. 5

MIDPLANE ADMITTANCE DIAGRAM FOR AN ISOTROPIC RADOME DESIGNED FOR A

MATCH AT 90*.
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reasoning becomes evident when one attempts to match at any other angle

of incidence. Although the reflection peak at normal incidence can be

decreased, the reflection at the higher angles will increase surprisingly.

(If a good response is desired over only a portion of the possible

angles of 8., then a better match can be obtained, generally, by con-

sidering that particular range of angles.) It is doubtful that one

would find use for such a technique in the practical design of iso-

tropic radomes. It will, however, be shown that this "90° angle

matching technique" can be used to advantage in determining the

values of the many variables present in a loaded radome design.

7. The "90° Angle Matching Technique" in Loaded Radome Design.

One method of visualizing the effect of the wire grids is to consider

the mldplane admittance diagram -- just described -- for an isotropic

radome designed for a match at 0. equal to 90 . A discrete addition of

a negative susceptance will so skew this locus of Y./Y
2

tnat tne large

peak at 9. = can be reduced. It is necessary, in adding this negative

susceptance, that care is taken not to Increase the reflection at the

larger angles. Since is independent of polarization, but B /Y is
w £.

not, any addition of a negative susceptance must be balanced for both

polarizations in order to achieve the broad-angle response desired.

and B /Y. are measured Identically only on the circumference of the
w L

Smith chart where 6. = 90 . This property can be appropriately combined

with the fact that a 6. = 90 match design will yield a very broad-angle

radome

.

An illustrative example will show how this may be accomplished.

Suppose that, by reasons based upon physical requirements, a trial set
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of wire spacing and diameter yields the following values of normalized

susceptance:

for perpendicular polarization

1% (3-18)

and for parallel polarization

3v
x = ~ *

7^5" (3-19)

II

What values of 0' and 0" should be chosen to assure a match at 0. = 90
,

and thus assure a broad-angle response? Figure 6 shows how a proper

selection of 0' and 0" allows the angle subtended by B /Y„, for both
w 2

polarizations, to be equal. The resulting plot of Y./Y
?

is a match at

0. m 90 for both polarizations also. The actual selection of the

proper electrical thicknesses for this match can be made either by trial

and error or by the solution of a pair of simultaneous equations. These

equations are based upon the geometry of the Smith chart. Solutions for

f and 0" can be obtained with little effort.

Bw
/, <io°ii

.1 (3-20)

= Ta*\ 2.TT q>
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FIG. 6

ILLUSTRATION OF DESIGN PROCEDURE FOR 90* MATCH ASSURANCE.
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In general, B /Y~ will be almost the same for both polarizations —

the only differences occurring in the values of the correction factors,

F and P'. This method thus provides workable values of 0' and 0" for any

wire grid susceptance. A larger value of susceptance or smaller value,

as indicated by the midplane admittance diagram, should next be tried --

with appropriate values of electrical thickness -- until a locus of

Y./Y- is obtained that is satisfactory. Other methods of determining

the parameters may provide broad-angle designs, but this method of 90

match assurance is quite simple and works well.
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CHAPTER IV

AN ILLUSTRATIVE EXAMPLE

1. Introduction.

In order to illustrate the theory presented in the previous chapter,

the actual design and testing of a sample radome with two embedded

reactive walls will be described. The design is presented in a step-

by-step manner with each parameter tabulated as its numerical value is

developed. It is possible, by substituting other numbers, for one to

follow the procedure presented here and obtain a broad-angle design of

his own. The construction and testing of the sample radome are dis-

cussed briefly and a comparison of theoretical predictions and experi-

mental results is included.

2. Choice of Materials and Dimensions.

a
The choice of materials used in the construction of the test sample

was based on several considerations. The desire to see the adequacy

of the bond around the wires of the grids, dictated the use of an

optically transparent dielectric. Furthermore, a material of low

electrical loss had to be used since the design Itself was based on a

lossless dielectric. Although polystyrene does not have as high a

dielectric constant as the materials commonly employed in radome manu-

facture. (£ 2.5 for polystyrene; £r =» 4 to 9 for fibre glass), it

appeared Ideally suited otherwise.

Initial calculations Indicated that a very fine wire size would be

needed for the wire grids. By experimentation, it was found that a

#36 wire--. 005 Inches in diameter—was the smallest size that could be
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handled easily in the construction. Beryllium copper, which has a high

tensile strength yet low electrical loss, was obtained for this purpose.

A large size radome sample was desired for the tests, especially at

high angles of incidence, because the projected area of the sample

decreases in proportion to the cosine of the angle of incidence, which

is measured from the radome normal. The finished size --18 Inches square*

was a compromise between the largest dimension that could be accommo-

dated in the bonding and machining equipment, and the smallest area that

could be tolerated in the testing procedure.

A design frequency of 9 KMC was chosen in the middle of the 8.5 to

12 KMC frequency band (X-band) on the basis of the availability of test

equipment.

3. Design of the Test Sample.

The Initial step in the design of the radome test sample was the

selection of an operating frequency and a dielectric material.

Operating frequency f 9.000 KMC

Dielectric material polystyrene

A table of the characteristics of dielectric materials (10) provided the

Dielectric constant £r 2.53

By substitution in the following basic equations:

on. = V £|- (4-2)

X\ = *% <4-3)
•
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several more of the numerical values of the invariant parameters were

obtained.

Free space wavelength } 1.3114 inches

Refractive index n 1.59

Wavelength in the dielectric ^- .825 inches

It was then possible to calculate Y /Y , from equations (3-13) and
O £

(3-14), for the two polarizations and for » 0°, 20°, 40°, 60°, 80°

o
and 90 . These points were plotted on the real axis of a Smith chart

and labeled for future use.

A plot of the midplane admittance of an unloaded radome of the

same material and at the same frequency was desired. This would pro-

vide a basis for comparison to illustrate the superior characteristics

of the radome with the embedded reactive walls. This plot was obtained

by the method described in Chapter III, paragraph 6. With 0. « 90°,

equation (3-17) was solved.

Physical thickness of

isotropic radome t .314/.
o

Substitution of this value into equation (3-16) yielded

Electrical thickness of

isotropic radome tabulated as a
function of 0.

From the plot of Y /Y_, which was invariant for a fixed frequency and

dielectric constant, the values of 0/2 were added. This was done by

rotating In a toward-the-generator direction on constant attenuation

circles. It was necessary to divide the values of 0, tabulated above,

by two because it was the midplane admittance that was desired. The

locus of these terminal points was indeed the midplane admittance of
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the isotropic radons. This diagram represented the radome that was

to be improved by the addition of the wire grids!

From experience, an initial "guess" was ventured as to the amount

of susceptance needed to bring this locus into close coincidence with

the real axis of the Smith chart and thereby provide the broadest angle

design possible. Several tries were made before a suitable value was

obtained. (Although the "90 matching technique" guarantees that each

design will be optimum broad-angle, it does not provide an optimum set

of grid susceptance values.) Only the final calculations will be pre-

sen ted here, since each of the previous computations was accomplished

in a similar manner.

A grid of wires with following specifications

Wire diameter D .005 inches

Center to center spacing S .320 inches

was checked by equation (3-15) for multiple scattering and found to

be satisfactory. The inductive susceptance of this wire grid was

determined from equations (3-10) and (3-11).

Inductive susceptance of tabulated as a
wire grid B function of 6 and

the polarization

The values of B for Q. = 90 , for both polarizations, were substituted

into equation (3-20) and the values of 0' and 0" for 0. = 90° were

obtained.

Electrical thicknesses of ^ qo°
162 wavelen§ ths

dielectric for 9. - 90° ^90° ' 166 wavelengths

These values, plus those of B for ©. = 90 , were checked on the Smith
• r w 1

chart and were found to be satisfactory. (See explanation in Chapter III,
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paragraph 7; and Figure 6.) Then they were substituted into

equation (3-16) with 0. * 90° to obtain

Physical thicknesses t' .172 inches
of dielectric t" .176 inches

All of the values of 0' and 0" were next obtained from equation (3-16)

Electrical thickness of tabulated as

dielectric 1

,
0" functions of 0.

This completed the calculation of the radome parameters.

As described in Chapter III, paragraph 4, the graphical plot of the

midplane admittance was constructed. See Figure 4. By means of a

Carter chart overlay (see Appendix I) the values of VSWR were obtained

from this plot.

Voltage standing wave tabulated as
ratio of entire radome VSWR a function of 9.

r

From this tabulation any one of a number of descriptive functions could

be calculated. The most useful, since it would be obtained directly in

the testing procedure, was the voltage reflection coefficient. The

conversion equation is

/° - — (4-4)

A plot of /O versus 9- can be seen in Figure 7.

Also useful, since it is a description more easily understood, was

the plot of per cent power transmitted through the radome -- Figure 8.

The values were determined from the relation

per cent power transmitted « (l-v?*) 100 (4-5)
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These graphical means ware used to establish the initial design

and while the radorae test sample was being constructed, analytical

equations were solved and plotted for a verification and accuracy check.

The curves predicted by the analytical equations and by the graphical

procedure were similar enough to show that the added calculations were

unnecessary.

4. Construction of the Test Sample.

An array of parallel, beryllium copper wires, .005 inches in diameter

and spaced .320 inches center to center, were strung from accurately

positioned pins on a 20 inch square, steel frame. This array was then

sandwiched between two 18 inch square sheets of quarter-inch thick

polystyrene plastic. A bonding material, consisting of polystyrene

dissolved in styrene monomer, was used about the wires so that the

solidified junction would have the same dielectric constant as the sheets

of polystyrene themselves. Two such assemblies were made and then

accurately machined to the proper thicknesses. Great care was exercised

in the machining process to insure the correct placement of the wire

grids in relation to the dielectric surfaces. The two finished

assemblies were placed back to back, with the wire grids parallel to

each other but staggered half of the center-to-center wire spacing. The

resulting sandwich was then bound with tape around the edge. To preserve

the continuity of the dielectric at the interface of the two assemblies,

as well as maintain the designed radome thickness -- by Insuring a posi-

tive contact along this plane -- a vacuum was applied at this point

throughout the entire testing procedure. (For this particular method of

construction, no thickness of bonding material could be tolerated between
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the two assemblies, since it would render impossible accurate mea-

surement of the inter-grid spacing.) A photograph of a portion of the

completed test sample, with the binding tape removed, is shown in

Figure 9.

5. Experimental Equipment and Testing Procedure.

The transmission efficiency of the radome was so high that mea-

surement of reflected energy provided a much more accurate method of

evaluating the radome than did measurement of the transmitted energy.

Figure 10 is a block diagram of the test equipment employed. Two paths

were provided between the klystron signal source and the detector- -one

through free space, via the movable horns and radome, as shown in

Figure 11; the other path through a cancellation channel, in which the

signal could be varied in phase and amplitude. The equipment was very

similar to that used by Redheffer (11). Figure 12 is a photograph of the

signal source and cancellation network. A low noise level was achieved

in the detector circuit by using a very narrow-band amplifier following

the crystal termination. To prevent the klystron modulation frequency

from drifting outside of this narrow band (three cycles, flat response,

at 1000 cps), synchronization was maintained by the precision tuning

fork oscillator.

To reduce stray reflections, a microwave absorbing material was

placed behind the test sample and on the upright portions of the horn

mounts. The radome sample was held in place before the horns in a low

loss, low dielectric constant (tan & = .0001, £r * 1.03), Styrofoam

mount, fastened to a sliding platform.

With nothing in front of the horns except the absorbing material,
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FIG. 9 A PORTION OF THrS HADOME TEST SAUFLE.
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FIG. 10 BLOCK DIAGRAM OF MICROWA/2 EQUIPMENT
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PIG. 11 RADOMB TEST SAMPLE AND KORNS IN POSITION FOR REFLECTION TESTS.
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the cancellation channel was adjusted to produce a signal, at the

crystal termination, of equal magnitude, but opposite phase, to the

stray energy coupled through the receiving horn. This condition of zero

net signal was indicated by a minimum reading on the vacuum tube

voltmeter. The test radome sample, mounted in the Styrofoam mount, was

then placed at the intersection of the axes of the two horns, which had

been adjusted to form equal angles at the surface of the radome. Be-

cause of the square-law characteristics of the crystal, the power level

of the reflected energy was observed directly on the voltmeter. The

movement of the test sample on a sliding platform, along the direction

of the radome normal, provided sufficient readings so that the effects

of standing waves, caused by multiple reflections and diffraction, could

be averaged. The average power level of the reflected energy from a

"standard" of equal area — the reflection coefficient of which was

known- -mounted in an Identical Styrofoam mount, and in the same physical

position as the test radome, was next recorded. From a comparison of

these two readings, the reflection coefficient of the radome test sample

was calculated.

By moving the horns about on a circle, at the center of which was

located, alternately, the test radome and the standard, comparative

readings were made for all the angles of incidence from 10 to 70 . A

90 rotation of the radome and the horns in their respective mounts

allowed measurements to be made at either polarization. No measurements

were made at normal incidence since they were not considered necessary.

6. Evaluation of Experimental Results.

The curves of voltage reflection coefficient versus angle of
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incidence for RADOME A and RADOME B are presented in Figures 13 and 14.

RADOME A is the double wall loaded radome test sample actually con-

structed. Two curves are shown for this radome in each figure; one -is

predicted from theory, and the other is that measured by experiment.

RADOME B is a theoretical isotropic radome designed to be broad-angle

by making it a match to free space at an angle of incidence of 90 . It

is the same Isotropic radome discussed previously.

Comparing RADOME A and RADOME B, it can be seen that for parallel

polarization, the reflection from the isotropic radome is less than that

from the double inductive wall radome, over a small range of angles of

incidence. It is obvious, however, when the entire range of angles and

both polarizations are considered, that the loaded radome is superior.

The two curves for RADOME A -- theory and experiment -- deviate

somewhat from one another. It is difficult to conceive that either the

testing procedure or construction was of sufficient accuracy to insure

absolute agreement between the two curves. Furthermore, there are some

factors that have been neglected in the theory and design that are not

completely negligible in the tests. Suffice it to say, that the radome

test sample does possess extremely broad-angle properties at the design

frequency for both polarizations simultaneously and that the experi-

mental results do show that such a radome can be designed by the pro-

cedures used.

7. Discrepancies.

It is appropriate that some of the reasons for the discrepancies

noted in the comparison of experimental results with theory be considered,

They may be grouped into two major divisions:
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a. Experiment and construction inaccuracies -- Design calculations

were carried to four decimal places and a tolerance of plus or minus

.001 inch was specified in the construction diagrams. However, the

machining of the dielectric plastic to a flat surface is almost impossible.

The material, even though it is held flat during the cutting process,

will invariably warp as soon as it is released. As a result, the .001

inch tolerance was not maintained.

The testing procedure was the source of most of the errors. It is

difficult to obtain accurate results with microwave measurements unless

the tests are performed in a closed system. The following reasons are

among the most probable causes of experimental errors:

The effects of the standing waves were not completely averaged

out.

The power reflected from the standard may not have been the

value predicted.

The cancellation network was not completely effective.

b. Theoretical approximations -- As in many involved problems, many

approximations are made in order to render the theory less complicated.

Such simplifications are valid provided the errors introduced by their

use are sufficiently small. Some of the theoretical approximations made

are listed here for reference:

The mutual effect of the stored fields around the two wire grids

was neglected.

The finite length of the wires was considered infinite.

The susceptance of the wire grids were calculated, in part, from

the equations for grids of thin strips.
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CHAPTER V

FUTURE POSSIBILITIES

1. Designs of Tomorrow.

With the ever increasing speed of aircraft goes the need of higher

strength and higher temperature resistant materials. Radomes that

satisfactorily suited yesterday's needs would break up or melt if

employed on tomorrow's planes. With the increased speed is the need for

more streamlined airframes and more accurate radar systems. The guidance

and control of high speed guided missiles must not be overlooked either.

Heavy, pointed radomes made of high temperature resistant ceramic

materials, both electrically and structurally enhanced by the inclusion

of embedded wires, can be seen as a possible solution. Marrow-band

designs using embedded reactive walls may be utilized for isolation of

control and interference elimination. Mass produced radomes effective

over a broad frequency range and thus suited for use with different

radars may have economic and logistic advantages. The anti-icing

possibilities of a radome with wires embedded in it are manifest.

Without a doubt, reactive walls will be used In future designs, making

possible radomes of unusual characteristics.

2. Opportunities for Further Investigation.

The work described in this paper evolved from the question, "Can

a design procedure be developed which will allow the construction of a

broad-angle radome by the inclusion of reactive walls?" It has been

shown that the answer is affirmative. Furthermore, an illustrative

design and construction has been provided to demonstrate the procedure
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developed, and experimental tests have been conducted to validate the

theory. Although this thesis is part of a larger project, it is com-

plete within itself. A question has been posed, and it has been answered,

Nevertheless, opportunities for further investigation are evident.

An investigation of low reflection properties alone does not

completely describe a radoma. For instance -- in many fire-control

applications, a linear relation between insertion phase shift and angle

of incidence is desired. This problem, in respect to the loaded broad-

angle radome, has been considered only in a cursory manner. The results

of this superficial investigation were considered satisfactory, but not

ideal. Here, obviously, is an opportunity for further endeavor.

Other opportunities develop as one considers the use of different

materials and frequencies as well as different placement and number of

embedded walls. Questions still unanswered are: How well will a broad-

angle radome with embedded wire grids perform at frequencies other than

the design frequency? Can a satisfactory broad-angle, and simultaneously

broadband, radome be designed by including reactive walls in its

construction? How easily can the loaded radome be mass produced?
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APPENDIX I

MIDPLANE SOLUTION OF INSERTION LOSS FOR A SYMETRICAL, LOSSLESS,

TWO-TERMINAL- PAIR NETWORK
1

In the following discussion, transmission- line and lumped-constant

equivalent circuits will be used. This analogy is also valid for the

behavior of infinite dielectric materials in the presence of plane

electromagnetic waves.

Consider a system of two, two- terminal-pair, lossless, "half

sections" each the mirror image of the other and arranged as illustrated

in Figure 15. It will be shown that the voltage standing wave ratio,

(the magnitude of the reflection coefficient, the per cent power

transmitted, the power insertion loss, etc.), can be easily obtained from

only a knowledge of the phase angle of the admittance at the midplane.

The analytical proof that this is true will be demonstrated together

with a simple graphical procedure. This graphical method proved not only

simpler in practice than a laborsome analytical approach, but also pre-

sented a representation of the circuit such that the effects of a

change of any parameter could be recognized and the ultimate effect

evaluated.

Initially consider only one of the two- terminal-pairs, i.e., one

half of the system of Figure 15. Let this "half section" be set up for

testing as shown in Figure. 16. The voltage reflection coefficient

is known to be

Due to S. B. Cohn, Stanford Research Institute.
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p =

/« + /
(i)

When Y is equal to 1

r = (2)

Substituting for Y. , the reflection coefficient becomes

r =
\- fi-, --j B

M <S< -*
j
B,

(3)

and

= * (4)

Now if the value of Y is made different from 1, i.e., the
c

characteristic admittance of the slotted line used for measuring the

standing wave ratio of the half section is made different from one,

obviously a different standing wave ratio will be measured. Let

V -v'£,* +V (5)
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which is equal to the magnitude of Y. . This is equivalent to letting

Y remain equal to one and changing Y
1

so that

)( ^ ^+^-1 (6)

The subscript 1 will now be dropped since Y is no longer truly the

midplane admittance. (The ease with which this renormalization is

handled by graphical means will be shown shortly.)

Substituting equation (6) into (4)

Tha voltage standing wave ratio measured in this manner is defined as

(8)

Substituting from (7)

VSWg ^\-\Gr -\\J\- G- I •+ B

^ \rrrr- .rr—r- g-
Vi+g- -v \-Qr

^
V i- b

For example: Let Y. = 4 + j3 and Y = ^ 16 +~9 = 5. Divide the

existing series circuit by 5 so that Y = 4/5 + J3/5 and Y =1. Now

Q
l
-\ B* - 4^ -4 -3- 5 |

Q.E.D. Note that G/B = G./B which shows that

the phase angle has not been changed.
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Now consider the entire section shown in Figure 17. Using

Thevenin's theorem it can be represented as shown in Figure. 18. As

before let

&
z

-+ B* *l (6)

It follows that

r =

and
n

* « i|
I 4 _ JS

The voltage standing wave ratio is

B
\/SWR = * (VSWR

(/ )
<
12 >

Thus the standing wave ratio for the whole section is the square of the

standing wave ratio of the half section , when the half section is

measured on the special slotted line of characteristic admittance

V = YV+s' (5)
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This procedure is accomplished easily on the Smith chart. See

Figure 3. After arriving at point "A", which is Y./Y-, proceed on a

curve of constant phase angle, i. e., a curve upon which the ratio of

G/B does not change. Such a curve is the constant phase angle curve of

a Carter or Z-0 chart. (A transparent overlay of such a chart is

helpful.) Continue until the line of normalized-admittance-equals-one

is reached. This, of course, corresponds to renormalizing Y. /Y„ to

Y, /Y where the magnitude of Y./Y equals one. The fraction of the
1 c 1 c

radius on the Smith chart, as measured along the conductance component

scale, of the distance from the origin to this point "5", is the value of

the standing wave ratio VSWR-1/2. This distance can be easily measured

by swinging an arc intercepting the conductance component scale where

its values are greater than one. The square of this VSWR-1/2 is the

desired standing wave ratio of the entire section.

The construction of points "5" and "6" on Figure 3 can be eliminated

by either using a Carter chart transparent overlay and a table relating

the phase angle on the chart to the standing wave ratio, or a special

overlay can be constructed which is calibrated in standing wave ratio

or reflection coefficient.
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APPENDIX II

THE REFLECTION COEFFICIENT EQUATION FOR A DIELECTRIC SHEET

WITH EMBEDDED INDUCTIVE WALLS

By use of equivalent transmission- line circuit concepts, a dielec-

tric sheet with embedded reactive walls can be represented as shown in

Figure 1. Making use of the midplane technique described in Appendix I,

only half of this representation is required in order to express the

reflection coefficient or standing wave ratio for the entire sheet.

This half section with the pertinent parameters appears in Figure 19.

From transmission- line theory, for a lossless dielectric, the input

admittance at point "d" is

y - y / fok+j'W , m

and the input admittances at point "e" and the midplane respectively,

become

(2)

v i + j(%)fe*^

t- K (3)

//
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A direct substitution of equation (2) into equation (3) and expansion

at this point yields a very involved and long expression. Since, by the

method of Appendix I, it is sufficient to know the value of G./B only,

an explicit expression for Y is not needed.

It is convenient to normalize to the characteristic admittance of

the dielectric. Separating Y /Y„ into its real and imaginary parts
e 2.

gives

' v A * - -—— -4. ,
'. = ^JL + ' _£S_ (4)

'> y* J v.

Where, from equation (2) after rearranging,

* H^V/j^V
and

Now substitute equation (4) into equation (3),

v, f + i-t-^'W
y, n^it.ii2 > +Uf^f)W

(5)

(5a)

(6)
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Expanding and combining real and imaginary parts, equation (6) becomes

"f--l ^ (lis —__ .«LrL~~_«— . „. JZ ~ „_ .r - --;,-„

It follows that

&\ fe ^ L . (8)

In equations (5) and (5a) let the denominators

It is now valid to say

/-

and

y* ^

3e _ £e

y2

(9)

(10)

(10a)
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This substitution makes equation (8) the simple expression

where obviously

. &; - v^ +w*')
(12)

and

Be'
'- ( ^j) J

"^ c
/' i" "y 4 (12a)

(This arrangement, including the disregard of the trigonometric identity

2 2
1 + tan A = sec A, is used because it offers ease of computation with

a desk calculator.)

Now it is an easy matter to substitute the numerical value of

equation (11) into the expression for the reflection coefficient given

in Appendix I, i. e.

/ (13)

\ I -f- (VO
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Often when using a calculator to obtain numerical solutions to

equations, one explicit expression is not as desirable as several

equations, each explicit for one variable or parameter; the final

equation utilizing the numerical solution of the previous. Such is the

case here, for it is presumed that all design work has been accomplished

by graphical procedure and the solution of the analytical equations is

for the compilation of theoretical data and further, that a desk calcu-

lator will be employed. The resulting expression is no less valid

because of this procedure.
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